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We study the photon blockade effect in a coupled cavity system, which is formed by a linear
cavity coupled to a Kerr-type nonlinear cavity via a photon-hopping interaction. We explain the
physical phenomenon from the viewpoint of the conventional and unconventional photon blockade
effects. The corresponding physical mechanisms of these two photon blockade effects are based on
the anharmonicity in eigenenergy spectrum and the destructive quantum interference between two
different transition paths, respectively. We find that the quantum interference effect also exists in
the conventional photon blockade regime. Our results are confirmed by analytically and numerically
solving the quantum master equation and calculating the second-order correlation function of the
cavity fields. This model is general and hence it can be implemented in various experimental setups
such as coupled optical cavities, coupled photon-magnon systems, and coupled superconducting
resonators. We present some discussions on the experimental implementation.
I. INTRODUCTION
The photon blockade effect describes a physical phe-
nomenon that the occupation of one photon in a cavity
will blockade the consequent injection of the second pho-
ton [1]. The basic idea of photon blockade is in analogy
to the concept of the Coulomb blockade [2] of electrons
in mesoscopic physics: the electrons inside an island will
create a strong coulomb repulsion preventing other elec-
trons to flow. Conventionally, photonic nonlinearity in
the eigenenergy spectrum is considered as the physical
origin of the occurrence of photon blockade [1]. Owing
to the anharmonicity of the eigenenergy spectrum, a reso-
nant physical transition between the low-excitation states
will lead to an off-resonance in the consequent transi-
tion to the upper energy levels, and hence the injection
of the second photon is blockaded. In contrast to the
conventional photon blockade [1], a new kind of physi-
cal mechanism for creating photon blockade was recently
proposed. This new physical mechanism (called as un-
conventional photon blockade) is based on the destructive
quantum interference effect between different excitation
pathways [3, 4]. As a result, the unconventional photon
blockade mechanism usually requires that the physical
systems involve several degrees of freedom so that multi-
transition paths can be established.
So far, both of the above mentioned two physical mech-
anisms have been widely studied in various quantum
systems. For example, the conventional photon block-
ade effect has been studied in quantum optical systems
such as cavity-QED systems [5–15] and circuit-QED sys-
tems [16–20], the Kerr-type nonlinear cavity [1, 21–23],
the optomechanical systems [24–35], and the coupled-
atom system [36]. Meanwhile, the unconventional photon
∗ jqliao@hunnu.edu.cn
blockade effect has been studied in coupled Kerr-cavity
systems [4, 37–40], the Jaynes-Cummings model [41, 42],
and the double cavity optomechanical systems [43, 44],
and other systems [45–48]. In these schemes, either
the light-matter interactions or the moving boundary of
the fields has been introduced to manipulate the optical
mode so that the photon blockade effect can be realized.
In this paper, we study the photon blockade effect in
a new kind of quantum optical model, which is formed
by a linear cavity coupled to a Kerr-type nonlinear cav-
ity, where the two cavities are coupled to each other
through the photon-hopping interaction. Our study is
inspired by the recent experimental advances in cou-
pled optical cavity systems, coupled photon-magnon sys-
tems [49, 50], and coupled superconducting resonator sys-
tems [51]. These systems can be described by a common
physical model which will be considered in this paper.
For simplicity and without loss of generality, below we
will use the terms of optical cavity and all the results
work for other physical degrees of freedom. The photon
blockade effects are evaluated by calculating the equal-
time second-order correlation function of the linear cav-
ity. We will analyze how does the nonlinear cavity mode
modulate the linear cavity mode through two different
physical mechanisms corresponding to conventional and
unconventional photon blockade effects. In particular,
we will analyze the anharmonicity of the eigenenergy
spectrum and destructive quantum interference effect be-
tween two transition paths in this system. By exploring
the relationship between the energy anharmonicity and
the linewidth of the energy levels, we will study the in-
herent parameter condition under which the conventional
photon blockade can be realized. We will also study the
optimal driving frequency to meet the single-photon res-
onance and two-photon off-resonance conditions. The in-
fluence of the thermal noise on the photon blockade ef-
fect will also be considered. In addition, we will derive
the parameter condition under which the unconventional
2photon blockade occurs.
The rest of this paper is organized as follows. In
Sec. II, we introduce the physical model and present the
Hamiltonian. In Sec. III, we study the conventional pho-
ton blockade effect by calculating the equal-time second-
order correlation function and analyzing the dependence
of the correlation function on the system parameters. We
also prove that the photon blockade effect in the large
Kerr parameter case can be reduced to the case corre-
sponding to the Jaynes-Cummings model. In Sec. IV, we
study the unconventional photon blockade effect by ana-
lyzing the quantum interference effect among the tran-
sition channels in this model. In Sec. V, we investi-
gate the influence of the thermal noise on the photon
blockade effects. In Sec. VI, we present some discus-
sions on the experimental implementation of this scheme
with various physical systems, such as the coupled cav-
ity systems, the coupled photon-magnon system, and the
coupled superconducting-resonator systems. Finally, we
present a brief conclusion in Sec. VII. An appendix is pre-
sented to display the approximate steady-state solution
of the quantum master equation.
II. MODEL AND HAMILTONIAN
We consider a coupled cavity system, which is formed
by a linear cavity coupled to a Kerr-type nonlinear cavity
[see Fig. 1(a)]. In order to manipulate the quantum state
of this coupled cavity system, a monochromatic field is
introduced to drive the linear cavity. The Hamiltonian
of the total system reads (~ = 1)
Hsys = ωaa
†a+ ωbb
†b+Kb†bb†b + J(a†b+ ab†)
+Ω(a†e−iωdt + aeiωdt), (1)
where a (a†) and b (b†) are, respectively, the annihila-
tion (creation) operators of the two cavity modes, with
the corresponding resonance frequencies ωa and ωb. The
term Kb†bb†b represents the Kerr nonlinearity for the
nonlinear cavity, with K being the Kerr parameter. The
parameter J denotes the strength of the photon hopping
interaction between the two cavity modes. The param-
eters Ω and ωd are the drive amplitude and driving fre-
quency of the linear cavity, respectively. In a rotating
frame with respect to H0 = ωd(a
†a+ b†b), the Hamilto-
nian of the system becomes
HI = ∆aa
†a+∆bb
†b+Kb†bb†b+ J(a†b+ ab†)
+Ω(a† + a), (2)
where we introduce the driving detunings ∆a = ωa − ωd
and ∆b = ωb − ωd.
In the absence of the cavity field driving, the Hamilto-
nian of the coupled cavity system reads Hccs = ∆aa
†a+
∆bb
†b + Kb†bb†b + J(a†b + ab†), and the total excita-
tion number operator Nˆ = a†a + b†b in this system is a
conserved quantity because of the commutative relation
[Hccs, Nˆ ] = 0. For studying the photon blockade effect
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FIG. 1. (a) Schematic diagram of the coupled cavity model
which is composed of a linear cavity coupled to a Kerr-type
nonlinearity cavity through a photon-hopping interaction. (b)
The eigenenergy spectrum of the coupled system in the sub-
space with zero, one, and two excitations. The transitions
are induced by the cavity driving under the single-photon
resonance condition. The off-resonance in the second-photon
transition, which is induced by the nonharmonicity in the
eigenenergy spectrum, is the physical origin of the conven-
tional photon blockade. (c) Energy-level diagram of the bare
states of the system in the low-excitation subspace. The de-
structive quantum interference phenomenon between the two
transition pathways (marked by red and blue arrows) is the
physical origin of the unconventional photon blockade effect.
in this system, we consider the weak-driving regime. In
this case, the photon number involved is small and hence
we can restrict the system within the low-excitation sub-
spaces. Below, we will consider the total excitation num-
bers as N = 0, 1, and 2 in our analytical studies. The
subspaces corresponding to N = 0, 1, and 2 are spanned
over the basis states {|0, 0〉a,b}, {|1, 0〉a,b, |0, 1〉a,b}, and
{|2, 0〉a,b, |1, 1〉a,b, |0, 2〉a,b}, respectively. Here |m,n〉a,b
represents the state with m photons in the linear cavity
and n photons in the nonlinear cavity. The eigensys-
tems of the Hamiltonian Hccs in these three subspaces
can be obtained as follows. In the zero-excitation sub-
space, the eigen-equation isHccs|ε00〉 = E00|ε00〉 with the
eigenstate |ε00〉 = |0, 0〉a,b and the eigenenergy E00 = 0.
In the single-excitation subspace, the eigen-equation is
Hccs|ε1±〉 = E1±|ε1±〉, where the eigenstates and eigen-
values are defined by
|ε1+〉a,b = C [1+]0,1 |0, 1〉a,b + C [1+]1,0 |1, 0〉a,b,
|ε1−〉a,b = C [1−]0,1 |0, 1〉a,b + C [1−]1,0 |1, 0〉a,b, (3)
and
E1± =
∆a +∆b +K
2
±
√
(∆b −∆a +K)2 + 4J2
2
. (4)
3The superposition coefficients in the eigenstates are de-
fined by
C
[1+]
0,1 = C
[1−]
1,0 = cos θ, C
[1+]
1,0 = −C [1−]0,1 = sin θ, (5)
where the mixing angle θ is defined by the relation
tan(2θ) =
2J
∆b −∆a +K . (6)
In the two-excitation subspace, the eigenstates and
eigenvalues can be obtained by solving the eigensystem
of the matrix
H [2]ccs =


2∆b + 4K
√
2J 0√
2J ∆a +∆b +K
√
2J
0
√
2J 2∆a

 , (7)
which is defined based on the basis states |0, 2〉a,b =
(1, 0, 0)T , |1, 1〉a,b = (0, 1, 0)T , and |2, 0〉a,b = (0, 0, 1)T ,
where “T ” denotes the matrix transpose. The eigensys-
tem of the Hamiltonian in the two-excitation subspace
is defined by H
[2]
ccs|ε2s〉 = E2s|ε2s〉 with s = ±, 0. The
eigenvalues are given by
E2− = −1
3
{A+
√
−3D[cos(α/3) +
√
3 sin(α/3)]},
E20 = −1
3
{A+
√
−3D[cos(α/3)−
√
3 sin(α/3)]},
E2+ = −1
3
[A− 2√−3D cos(α/3)], (8)
with the corresponding eigenstates
|ε2s〉 = C [2s]0,2 |0, 2〉a,b + C [2s]1,1 |1, 1〉a,b + C [2s]2,0 |2, 0〉a,b (9)
for s = ±, 0. The superposition coefficients and the re-
lating parameters used in the eigensystem are defined by
C
[2s]
0,2 = −
√
2J(E2s − 2∆a)N−1/22s ,
C
[2s]
1,1 = (E2s − 2∆a)(2∆b + 4K − E2s)N−1/22s ,
C
[2s]
2,0 =
√
2J(2∆b + 4K − E2s)N−1/22s , (10)
and
A = −5K − 3∆a − 3∆b,
B = −4J2 + 4K2 + 14K∆a + 2∆2a
+6K∆b + 8∆a∆b + 2∆
2
b ,
C = 8J2K + 4J2∆a − 8K2∆a − 8K∆2a
+4J2∆b − 12K∆a∆b − 4∆2a∆b − 4∆a∆2b ,
D = B − 1
3
A2,
E = C +
2
27
A3 − 1
3
AB,
α = arccos[−3E
√
−3D/(2D2)],
N2s = (E2s − 2∆a)2[2J2 + (2∆b + 4K − E2s)2]
+2J2(2∆b + 4K − E2s)2, (11)
for s = ±, 0.
III. CONVENTIONAL PHOTON BLOCKADE
In this section, we study the conventional photon
blockade effect by analytically and numerically calculat-
ing the equal-time second-order correlation function of
the linear cavity and analyzing the dependence of the
correlation function on the system parameters.
A. Quantum master equation
To treat the damping and noise in this system, we as-
sume that the two cavity modes are coupled to two inde-
pendent Markovian environments. Then the evolution of
the system is governed by the quantum master equation
ρ˙ = i[ρ,HI ] +
κa
2
(n¯a + 1)La[ρ] + κa
2
n¯aLa† [ρ]
+
κb
2
(n¯b + 1)Lb[ρ] + κb
2
n¯bLb† [ρ], (12)
where the Hamiltonian HI is given by Eq. (2) and
Lo[ρ] = (2oρo† − o†oρ− ρo†o) (13)
denotes the Lindbland superoperator for an operator
o [52]. The parameters κa and κb are, respectively,
the dissipation rates of the two cavity fields, and n¯a =
[exp(ℏωa/kBTa)− 1]−1 and n¯b = [exp(ℏωb/kBTb)− 1]−1
are the average thermal excitation numbers of the baths
at temperatures Ta and Tb, with kB being the Boltzmann
constant.
For the study of photon blockade, we assume that the
driving of the cavity is very weak and then we can safely
restrict the system within the low-excitation subspace in
the case of zero-temperature baths. The master equa-
tion (12) can be solved with the bases of number states
|m,n〉a,b, where m and n denote the photon numbers in
the linear cavity and the nonlinear cavity, respectively.
In the weak-driving limit Ω/κa ≪ 1, the Hilbert space
of the total system can be truncated up to m + n = 2.
The eigensystems of the undriving Hamiltonian, namely
Hccs, in the low-excitation subspace with m + n = 0,
1, and 2 have been given in Sec. II. In the weak-driving
regime, we solve the equations of motion for the density
matrix elements in the low-excitation subspace with the
perturbation method and obtain the steady-state solu-
tion (see the Appendix). Meanwhile, we also solve the
master equation numerically to obtain the exact solution
of the steady state of the system, and then we evalu-
ate the performance of the perturbation approximation
by comparing the perturbative results with the exact re-
sults.
B. The equal-time second-order correlation
function
The photon blockade effect in the linear cavity can be
characterized by evaluating the equal-time second-order
4correlation function
g(2)(0) ≡ 〈a
†a†aa〉ss
〈a†a〉2ss
, (14)
where the average value is taken over the steady state
of the system. In the weak-driving case, the system is
restricted into the low-excitation subspace up to m+n =
2, and the state bases in this subspace are denoted as
|0, 0〉a,b → |S1〉, |0, 1〉 → |S2〉, |0, 2〉a,b → |S3〉, |1, 0〉a,b →
|S4〉, |1, 1〉a,b → |S5〉, and |2, 0〉a,b → |S6〉. Then the
density matrix elements of the system can be expressed
in this subspace as
ρ =
6∑
m,n=1
ρmn|Sm〉〈Sn|, ρmn = 〈Sm|ρ|Sn〉. (15)
In the weak-driving case, the density matrix elements
can be divided into groups of different orders (denoted
as the lth order) of the small number Ω/κa,
l = 0, {ρ11},
l = 1, {ρ12, ρ14, ρ21, ρ41},
l = 2, {ρ13, ρ15, ρ16, ρ31, ρ51, ρ61, ρ22, ρ24, ρ42, ρ44},
l = 3, {ρ23, ρ25, ρ26, ρ32, ρ52, ρ62, ρ43, ρ45, ρ46, ρ34, ρ54, ρ64},
l = 4, {ρ33, ρ55, ρ66, ρ35, ρ36, ρ56, ρ53, ρ63, ρ65}. (16)
Then the second-order correlation function of the linear
cavity can be approximately expressed as
g(2)(0) ≈ 2ρ66
(ρ44 + ρ55 + 2ρ66)2
≈ 2ρ66
ρ244
. (17)
Here we have used the relation ρ44 ≫ {ρ55, ρ66} because
ρ55 and ρ66 are the fourth-order small quantity of Ω/κa,
while ρ44 is the second-order small quantity of Ω/κa. Fur-
ther, we solve the steady-state solution of these density
matrix elements by using the perturbation method [53],
i.e., by discarding the higher-order elements in the equa-
tions of the lower-order elements, and then the second-
order correlation function of the steady state can be ob-
tained.
To check the performance of the perturbation, we nu-
merically [54] solve the quantum master equation and
compare the exact numerical results with the approxi-
mate analytical results. We also solve the master equa-
tion to obtain the steady-state properties of the system,
such as the photon number distribution and the second-
order correlation function g(2)(0). In the following, we
illustrate the dependence of the g(2)(0) on other parame-
ters such as the driving detuning ∆a, the Kerr parameter
K, and the photon-hopping interaction strength J .
As we know, the conventional photon blockade can
be explained from the viewpoint of the anharmonicity
in the eigenenergy. Usually, the photon blockade effect
is determined by the transitional resonance, and hence
the driving detuning is an important parameter to con-
trol the occurrence of photon blockade. To see how does
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FIG. 2. (a) The state occupations ρll for the bare states
|Sl=1,4,6〉 versus the scaled driving detuning ∆/κ. (b) The
equal-time second-order correlation function g(2)(0) versus
the driving detuning ∆/κ. Other parameters are κa = κb = κ,
Ω/κ = 0.1, K/κ = 25, J/κ = 50, and n¯a = n¯b = 0.
the driving detuning affect the photon number distribu-
tions, in Fig. 2(a) we plot the state occupations ρll for
the bare states |Sl=1,4,6〉 versus the scaled driving detun-
ing ∆/κ when the Kerr parameter K and the photon-
hopping strength J take various values. We can see
that the photon number distributions satisfy the relation
ρ11 ≫ ρ44 ≫ ρ66 due to the weak driving. The state oc-
cupation ρ11 is almost one, which means that almost all
the probability of the system is in state |S1〉. Moreover,
we can see that there are two peaks for the state occupa-
tion ρ44 (the green solid curve). To understand the loca-
tion of the peaks in ρ44, we need to analyze the eigenen-
ergy spectrum of the HamiltonianHccs and the resonance
condition in these transitions. In this system, there are
two transition channels for the single photon transitions
|ε00〉 → |ε1±〉. As a result, the single photon resonance
conditions are determined by the relationsE1±−E00 = 0.
For the case of ∆a = ∆b = ∆, corresponding to the tran-
sitions |ε00〉 → |ε1−〉 and |ε00〉 → |ε1+〉, the resonance
relations are reduced to ∆ = −(K −√K2 + 4J2)/2 and
∆ = −(K + √K2 + 4J2)/2, respectively. For the pa-
rameters used in our simulation, the locations of the two
peaks in ρ44 are given by ∆/κ = −64.0388 and 39.0388.
For the state occupation ρ66 (the red solid curve), we
can see that there are five peaks (two of them are very
weak). In these five peaks, three peaks correspond to
the two-photon resonant transitions |ε00〉 → |ε2s〉 for
5s = ±, 0. The locations of these three main peaks are de-
termined by the resonance conditions E2s − E00 = 0 for
s = ±, 0. The two-photon resonance means that the sys-
tem absorbs two driving photons and then transits from
the state |0, 0〉 to one of the states |ε2s〉 for s = ±, 0. In
this physical process, the single-photon processes are nor
resonant, but the energy change in the two-photon pro-
cesses are conserved, i.e., the energy difference between
the states |ε2s〉 and the state |0, 0〉a,b equals to the energy
of two driving photons. Note that the frequency of the
driving photon is zero in the rotating frame with respect
to the Hamiltonian H0 = ωd(a
†a+ b†b). For the param-
eters used in our simulation, the locations of these three
peaks in ρ66 are given by ∆/κ = −76.3368, −22.5197,
and 36.3566. In addition, there are two peaks induced
by the single photon resonance, and hence the locations
of these two peaks are the same as those of the two peaks
in ρ44.
Besides the peaks, we can also see some dips in the
state occupations ρ44 and ρ66. Physically, these dips are
caused by the quantum interference effect existing in the
state transitions induced by the driving photon. To clar-
ify this point, we study the steady state of the system in
the eigenstate representation and analyze the relation-
ship between the bare state |S4〉 (|S6〉) and these eigen-
states |ε1±〉 (|ε2s〉 for s = ±, 0). For clearly seeing the
physical picture of quantum interference, we adopt the
effective Hamiltonian method to simulate the evolution
of the system. Here the evolution of the system is gov-
erned by the non-Hermitian Hamiltonian which is formed
by adding phenomenologically the imaginary dissipation
terms into the Hamiltonian as follows [55]
HnHmt =
(
∆a − iκa
2
)
a†a+
(
∆b − iκb
2
)
b†b+Kb†bb†b
+J(a†b + ab†) + Ω(a† + a), (18)
In terms of this non-Hermitian Hamiltonian and the state
of the system expressed in the eigenstate representation
|ψ(t)〉 = D00(t)|ε00〉+D1+(t)|ε1+〉+D1−(t)|ε1−〉
+D2+(t)|ε2+〉+D20(t)|ε20〉+D2−(t)|ε2−〉,(19)
we can obtain the equations of motion for these probabil-
ity amplitudes D00(t), D1±(t), and D2±,0(t). Using the
perturbative method, the steady state solution of these
probability amplitudes can be obtained. Based on the
state in Eq. (19) and the steady-state solution of these
probability amplitudes, the state occupations ρ44 and ρ66
can be obtained as follows
ρ44 =
∣∣∣D1+C [1+]1,0
∣∣∣
2
+
∣∣∣D1−C [1−]1,0
∣∣∣
2
+2Re
[
D1+C
[1+]
1,0 D
∗
1−C
[1−]∗
1,0
]
, (20)
and
ρ66 =
∣∣∣D2+C [2+]2,0
∣∣∣
2
+
∣∣∣D2−C [2−]2,0
∣∣∣
2
+
∣∣∣D20C [20]2,0
∣∣∣
2
+2Re
[
D2+C
[2+]
2,0 D
∗
2−C
[2−]∗
2,0 +D2+C
[2+]
2,0 D
∗
20C
[20]∗
2,0
+D2−C
[2−]
2,0 D
∗
20C
[20]∗
2,0
]
, (21)
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FIG. 3. (Color online) The state occupations (a) log10 ρ44
and (b) log10 ρ66, and the equal-time second-order correla-
tion function (c) log10 g
(2)(0) as a function of the photon
hopping interaction strength J/κ and the Kerr parameter
K/κ. The driving detunings are given by ∆a = ∆b =
−(K+√K2 + 4J2)/2, which corresponds to the single-photon
resonance transition |ε00〉 → |ε1+〉. Other parameters are
Ω/κ = 0.1 and n¯a = n¯b = 0.
where “Re” gives the real part of the variable.
The terms in the first line of ρ44 and ρ66 in Eqs. (20)
and (21) are, respectively, the non-quantum-interference
contribution of the state occupations of |S4〉 and |S6〉,
and the rest parts are induced by the quantum inter-
ference effect among the eigenstates in the same sub-
space of N = 0, 1, and 2. To see the quantum interfer-
ence effect in the photon blockade effect, in Fig. 2(a) we
also show the non-quantum-interference part (the dashed
curves) of the state occupations ρ44 and ρ66 as a refer-
ence. Here we can confirm that for ρ44 there are two
main peaks which match the exact numerical results. The
dip confirmed by the exact result disappears in the non-
quantum-interference result. This means that the dip in
6ρ44 should be caused by the quantum interference effect
between two transition paths associated with the states
|ε1+〉 and |ε1−〉. For the two-photon state occupation
ρ66, we can also see a dip, which is induced by the quan-
tum interference effect. Note that the state occupations
given by Eqs. (20) and (21) are the same as the numerical
results obtained based on the master equation.
To clearly see the photon blockade effect in the linear
cavity, in Fig. 2(b) we plot the equal-time second-order
correlation function g(2)(0) as a function of the driving
detuning ∆/κ. Here, the blue-dashed curves is plotted
using the numerical solution of Eq. (12), while the red-
solid curves is based on the analytical solution given in
Eq. (17). To see the quantum interference effect in the
explanation the conventional photon blockade, moreover,
we plot the result (i.e., the first line terms in Eqs. (20)
and (21) corresponding to the non-quantum-interference
case using the grey-dashed curve. We can see that the
analytical results can match well with the numerical re-
sults, and that the non-quantum-interference evaluation
can predict the location of the optimal driving detun-
ing, but it cannot give the exact value of the correla-
tion function g(2)(0). The location of the dips (d1 and
d2) of the correlation function g
(2)(0) corresponds to the
single-photon resonance, namely the two peaks of the
state occupation ρ44. The location of the peaks (p1, p2,
and p2) in the correlation function g
(2)(0) correspond to
the peaks of the state occupation ρ66, and the dip in
the state occupation ρ44 also modify one of the peak in
g(2)(0) slightly.
In Fig. 3, we plot the state occupations ρ44 and
ρ66, and the equal-time second-order correlation func-
tion g(2)(0) as a function of the photon hopping inter-
action strength J/κ and the Kerr parameter K/κ un-
der the single photon resonance condition ∆a = ∆b =
−(K + √K2 + 4J2)/2. We can see that approximately
along the line J ≈ 2K, the correlation function g(2)(0)
reach its minimum value. By comprising the correlation
function and the state occupations, we can see that the
state occupation ρ66 has minimal values along the line
J ≈ 2K. This means that the photon blockade effect in
this case is mainly caused by the suppressed transitions
to the two-photon states.
C. Going back to the Jaynes-Cummings model
From the viewpoint of the coupled cavity-atom system,
we can understand this system as a single-mode cavity
field coupled to a Kerr-type multilevel atomic system.
The eigenstates and eigenenergies of the multilevel sys-
tem are given by |m〉b and mωa +m2K. Below, we con-
sider an interesting special case in which the coupled cav-
ity system can be reduced to a Jaynes-Cummings (JC)
system which describes a single-mode cavity field coupled
to a two-level system. The parameter condition for this
special case is that the Kerr parameterK should be much
larger than the photon hopping strength J , and that the
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FIG. 4. (Color online) The equal-time second-order correla-
tion function g(2)(0) as a function of the driving detuning ∆/J
at various values of K/J . The dashed curves and the solid
(circled) curve are the results corresponding to the coupled
cavity model and the JC model, respectively. Other param-
eters are given by κa/J = 0.05, κb/J = 0.05, Ω/J = 0.005,
and ∆a = ∆b +K.
cavity field frequency should be near resonant with the
lowest two states |0〉b and |1〉b of the nonlinear cavity,
namely ωa ∼ ωb + K. In this case, the high-excitation
states of the Kerr multilevel system will not be populated
and then the Hamiltonian of this reduced system can be
written as
HJC = ωaa
†a+
ωb +K
2
σz + J(a
†σ− + σ+a)
+Ω(a†e−iωdt + aeiωdt), (22)
where the Pauli operators are defined with the states
|0〉b and |1〉b as σz = |1〉bb〈1| − |0〉bb〈0|, σ+ = |1〉bb〈0|,
and σ− = |0〉bb〈1|. In a rotating frame with respect to
H0 = ωd(a
†a + σz/2), the Hamiltonian of the system
becomes
HIJC = ∆aa
†a+
∆b +K
2
σz + J(a
†σ− + σ+a)
+Ω(a† + a), (23)
where ∆a = ωa − ωd and ∆b = ωb − ωd are the driving
detunings.
To prove the above analyses, we compare the second-
order correlation functions of the mode a for the JC
model and the coupled cavity model, which are described
by the Hamiltonian (23) and the Hamiltonian (2), respec-
tively. In Fig. 4, we plot the correlation function g(2)(0)
as a function of the driving detuning ∆/J when the Kerr
parameter takes various values K/J = 2, 4, and 20. We
can see that the correlation functions in these two cases
match better for a larger value of the ratio K/J , as ex-
pected by our above analyses. This means that the cou-
pled cavity model can be reduced to the JC model under
the parameter condition K/J ≫ 1.
7IV. UNCONVENTIONAL PHOTON
BLOCKADE
In this section, we study the unconventional photon
blockade effect in this coupled cavity system. For sim-
plicity, we consider the case of zero-temperature envi-
ronments, and then we can use the effective Hamilto-
nian method to describe the evolution of the system.
Note that a coupled-resonator system has been consid-
ered mainly in a different parameter range to study the
phonon antibunching effect at a finite temperature [56].
In the weak-driving case, we restrict the system within
the low-excitation subspace up to N = 2, as explained in
the above section. To solve the steady-state solution of
the system, we expand the wave function of the system
with the bare-state bases as
|ψ〉 = C0,0(t)|0, 0〉a,b + C1,0(t)|1, 0〉a,b + C0,1(t)|0, 1〉a,b
+C2,0(t)|2, 0〉a,b + C1,1(t)|1, 1〉a,b + C0,2(t)|0, 2〉a,b,
(24)
where Cm,n for m,n = 0, 1, 2 are the probability ampli-
tudes corresponding to the basis state |m,n〉a,b. Based
on the Hamiltonian in Eq. (18) and the wave function
in Eq. (24), we can obtain the equations of motion for
these probability amplitudes Cm,n. In the weak-driving
case, these probability amplitudes can also be classified
into various groups of different orders of the small ratio
Ω/κa. The amplitude C0,0(t) is of the zero order of Ω/κa.
The coefficients C1,0(t) and C1,0(t) are of the first order of
Ω/κa, and C2,0(t), C1,1(t), and C0,2(t) are of the second
order of Ω/κa. In this case, we can solve the equations
of motion for the probability amplitudes Cmn using the
perturbative method [53], namely discarding the higher-
order terms in the equations of motion for the lower-order
variables. In particular, we focus on the steady-state so-
lution of these probability amplitudes for studying the
photon blockade effect. Below, we consider the case of
∆a = ∆b = ∆ and κa = κb = κ, and then obtain the
steady-state solution as
C1,0 =
2(2K − iκ+ 2∆)Ω
4J2 + (κ+ 2i∆)(2iK + κ+ 2i∆)
,
C0,1 = − 4JΩ
4J2 + (κ+ 2i∆)(2iK + κ+ 2i∆)
,
C2,0 = 2
√
2[(2K − iκ+ 2∆)(4K − iκ+ 2∆)
×(2K − 2iκ+ 4∆) + 8J2K]Ω2M−1,
C1,1 = −8J(4K − iκ+ 2∆)
×(2K − 2iκ+ 4∆)Ω2M−1,
C0,2 = 8
√
2J2(2K − 2iκ+ 4∆)Ω2M−1, (25)
where the variable M is defined by
M = [4J2 + (κ+ 2i∆)(2iK + κ+ 2i∆)]
×[(κ+ 2i∆)(4K − iκ+ 2∆)(2iK + 2κ+ 4i∆)
+4J2(4K − 2iκ+ 4∆)]. (26)
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FIG. 5. (a) The equal-time second-order correlation func-
tion g(2)(0) versus the driving detuning ∆/κ at various values
K/κ = (1, 1.54, 2)×10−4. (b) The correlation function g(2)(0)
versus the Kerr parameter K/κ at various values ∆/κ = (0.2,
0.288, 0.4). (c) The correlation function log10 g
(2)(0) ver-
sus the driving detuning ∆/κ and the Kerr parameter K/κ.
Other parameters are J/κ = 50 and Ω/κ = 0.1.
Mathematically, for observing photon blockade effect
in the linear cavity, it means that the two-photon proba-
bility in this cavity is suppressed. For the idea case, this
corresponds to the probability amplitude for the state
|2, 0〉a,b is zero. Based on the solution (25), the parame-
ter condition for C2,0 = 0 can be obtained as
R[J,K,∆, κ] = 4J2K + 8K3 + 28K2∆+ 28K∆2
+8∆3 − 7Kκ2 − 6∆κ2 = 0,
I[J,K,∆, κ] = 14K2 + 28K∆+ 12∆2 − κ2 = 0. (27)
We can see that R[J,K,∆, κ] is a function of J2 and that
there exists the symmetric relations
R[J,−K,−∆, κ] = −R[J,K,∆, κ],
I[J,−K,−∆, κ] = I[J,K,∆, κ]. (28)
Based on the symmetric relations and Eq. (27), we know
that if (K,∆) is a solution, then (−K,−∆) is also a so-
lution. As an example, we choose a moderate photon-
hopping interaction strength J/κ = 50, then the so-
lutions of Eq. (27) are: {K/κ ≈ ∓125.859,∆/κ ≈
±91.3359;K/κ ≈ ±68.81i,∆/κ ≈ ∓110.618i;K/κ ≈
±1.54× 10−4,∆/κ ≈ ±0.288}.
In order to confirm the optimal condition, we inspect
the second-order correlation function g(2)(0) when the
system parameters take the values corresponding to the
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FIG. 6. (a) The equal-time second-order correlation func-
tion g(2)(0) versus the driving detuning ∆/κ at various val-
ues K/κ = (120,125.859,130). (b) The correlation func-
tion g(2)(0) versus the Kerr parameter K/κ at various values
∆/κ = (−85, −91.3359, −95). (c) and (d) The correlation
function log10 g
(2)(0) versus the driving detuning ∆/κ and
the Kerr parameter K/κ. Other parameters are J/κ = 50
and Ω/κ = 0.1.
real solutions of Eq. (27). In Fig. 5(a), we plot the corre-
lation function g(2)(0) as a function of the driving detun-
ing ∆/κ when K/κ takes the values (1, 1.54, 2) × 10−4.
In Fig. 5(b), we plot the correlation function g(2)(0) as
a function of the Kerr parameter K/κ when ∆/κ takes
the values (0.2, 0.288, 0.4). As expected, the correla-
tion function g(2)(0) shows a strong antibunching effect
at K/κ ≈ 1.54 × 10−4 and ∆/κ ≈ 2.88, which indi-
cates a clear signature of photon blockade in the lin-
ear cavity. The optimal parameter condition for un-
conventional photon blockade can be seen more clearer
by displaying the correlation function g(2)(0) as a func-
tion of the driving detuning ∆/κ and the Kerr parameter
K/κ for a given value of J . As illustrated in Fig. 5(c),
there are two minimal-value points of g(2)(0) located at
{K/κ ≈ ±1.54 × 10−4,∆/κ ≈ ±0.288}, as analyzed by
the symmetric relations.
We also investigate the correlation function g(2)(0) cor-
responding to the real solution {K/κ ≈ ∓125.859,∆/κ=
±91.3359}. In Fig. 6(a), we plot the correlation func-
tion g(2)(0) as a function of the driving detuning ∆/κ
when K/κ takes the values (120, 125.859, 130). Simi-
larly, in Fig. 6(b) we plot the second-order correlation
function g(2)(0) as a function of the Kerr parameter
K/κ when ∆/κ takes the values (−85,−91.3359,−95).
It is clear to see that the correlation function g(2)(0)
shows a strong antibunching effect atK/κ ≈ 125.859 and
∆/κ ≈ −91.3359. The photon blockade effect can also be
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FIG. 7. The equal-time second-order correlation function
g(2)(0) as a function of the average thermal excitation num-
bers n¯b in the conventional photon blockade case (a) ∆a =
∆b = −(K +
√
K2 + 4J2)/2 and K/κ = 25, and in the un-
conventional photon blockade case (b) ∆a = ∆b = 0.288/κ
and K/κ = 1.54× 10−4. Other parameters are J/κ = 50 and
Ω = 0.1κ.
confirmed from the 3-D plot in Fig. 6(c) and Fig. 6(d).
Here the locations of the two minimal value points are
also determined by the symmetric relations.
Physically, the photon blockade effect correspond-
ing to the above four real solutions {K/κ ≈ ±1.54 ×
10−4,∆/κ ≈ ±0.288} and {K/κ ≈ ∓125.859,∆/κ ≈
±91.3359} can be explained using the destructive inter-
ference between two different paths of photon excitation.
In Fig. 1(c), we show a sketch of the quantum inter-
ference effect responsible for this unconventional pho-
ton blockade. The quantum interference effect occurs
between these two paths: (i) the direct excitation from
|1, 0〉 Ω→ |2, 0〉 (red arrow) and (ii) the indirect transi-
tion path |1, 0〉 J↔ |0, 1〉 Ω→ |1, 1〉 J↔ |2, 0〉 (blue arrow).
When the system parameters take the values correspond-
ing to the real solutions of Eq. (27), the probability am-
plitude C2,0 = 0 is obtained, which indicates that the
state |2, 0〉a,b will not be populated due to the destruc-
tive interference.
9V. THE INFLUENCE OF THE THERMAL
EXCITATION ON THE PHOTON BLOCKADE
EFFECT
The above discussions focus on the zero-temperature
environment case. For optical cavities, the thermal pho-
ton number is negligible, and hence our above assump-
tion of the zero-temperature environments is reasonable.
However, for other bosonic excitations such as phonon
and magnon, it is needed to consider the influence of the
thermal excitations on the photon blockade effects. Be-
low, we will discuss the thermal bath case by considering
a finite thermal excitations in the quantum master equa-
tion (12). In Fig. 7, we plot the equal-time second-order
correlation function g(2)(0) in the steady state as a func-
tion of the thermal excitation number n¯b in mode b. The
value of g(2)(0) increases with the increase of the thermal
photon number n¯b of mode b. It is clear that the thermal
photons have a significant effect on both the conventional
and unconventional photon blockade effects, and that the
latter is more fragile against the thermal noise than the
former. We can conclude that the thermal noise is fa-
tal to the photon blockade effect in this coupled cavity
system and the photon blockade effect only exists in the
zero temperature case.
VI. DISCUSSIONS ON THE EXPERIMENTAL
IMPLEMENTATION
In this section, we present some discussions on the
experimental implementation of this scheme with some
quantum optical systems, such as coupled optical cav-
ity systems, coupled photon-magnon systems, and cou-
pled superconducting resonator systems. We also present
some analyses on the parameter conditions of these sys-
tems. In this model, there are three components: the
self-Kerr interaction of mode b, the excitation hopping in-
teraction between the two modes a and b, the monochro-
matic driving of mode a. To implement this scheme, the
candidate physical systems should have these three phys-
ical processes.
For coupled optical cavity system, the Kerr interaction
can be implemented with a Kerr-type nonlinear cavity,
and the Kerr parameter can enter the strong coupling
regime. The photon-hopping interaction between the two
cavities can also be realized in the coupled cavity systems.
Based on the detailed systems, the optical cavity could be
various semiconductor microcavities and the Fabry-Pe´rot
cavity. In these two cases, the driving on the cavity can
be implemented.
For coupled photon-magnon systems, the two bosonic
modes could be implemented with an electromagnetic
mode in the superconducting resonator and a magnon
mode of a YIG. Some recent experiments [49, 50] re-
ported that the Kerr interaction in the magnon mode
can be implemented and the excitations hopping between
photons and magnons can be realized. The cavity field
driving can also be realized in superconducting resonator
by introducing a microwave driving. In this system, the
resonance frequency of the linear cavity (photon) mode
is ωa ≈ 2pi × 10.1 GHz, and the resonance frequency
ωb of the nonlinear bosonic (magnon) mode could range
from several hundreds of megahertz to 28 GHz. The cou-
pling strength between the electromagnetic field and the
magnonic mode is J ≈ 2pi × 42 MHz. The decay rates
of the cavity mode and the magnon mode are given by
κa ≈ 2pi× 2.87 MHz and κb ≈ 2pi× 24.3 MHz. However,
the magnitude of the self-Kerr interaction of the magnon
mode is very small and hence the coupled photon-magnon
model might be a possible candidate of the unconven-
tional photon blockade effect.
For coupled superconducting resonator systems, the
Kerr interaction can be implemented with the Joseph-
son nonlinearity, and the photon hopping interaction can
be implemented with a capacitor or other superconduct-
ing elements. Recently, some experiments have been re-
ported that similar systems have been realized in super-
conducting setups. In a recent reported experiment [51],
the authors proposed a method to realize a highly coher-
ent Kerr medium by coupling a superconducting verti-
cal transmon qubit to two three dimensional waveguide
cavities. In this system, the resonance frequency of the
cavity is ωb ≈ 2pi × 9.2747 GHz, the decay rate of the
cavity mode is κb ≈ 2pi × 10 kHz, and the Kerr parame-
ters is K ≈ 2pi× 325 kHz. Here we can see that the ratio
K/κ could be larger than 30, and hence the strong Kerr
nonlinearity in coupled cavity system is accessible. The
coupling between two superconducting resonators can be
realized through a capacitor or a qubit, and the cou-
pling strength between the two resonators could reach
the order of megahertz. Therefore, the parameters used
in the present paper is accessible with current experimen-
tal condition in superconducting quanutm circuits. The
monochromatic driving of the superconudcting resonator
can be realized through the microwave field, the driving
frequency and driving amplitude can be controlled on de-
mand. For current experimental condition, the resonance
frequency of the superconducting resonators is of the or-
der of 2pi × 5 - 10 GHz, and the working temperature is
about 15 - 25 mK. Based on these two parameter, we can
estimate the thermal occupation number in the supercon-
ducting resonators. As an example, for T ≈ 25 mK, we
have nth ≈ 4.9 × 10−9 - 6.7 × 10−5 when ωa ≈ 2pi × 5
- 10 GHz. In this case, the conventional photon block-
ade effect is observable in the coupled superconducting
resonator system.
VII. CONCLUSION
In conclusion, we have studied the conventional and
unconventional photon blockade effects in a coupled cav-
ity system, which is formed by a linear cavity coupled to
a nonlinear cavity. Here the linear cavity is weakly driven
by a monochromatic laser field. We have calculated the
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equal-time second-order correlation function of the lin-
ear cavity field, and these results have been confirmed by
analytically and numerically solving the quantum mas-
ter equation. We have found that the photon blockade
effects in this system can be explained based on both the
conventional and unconventional photon blockade phys-
ical mechanisms. We have also clarified the quantum-
interference-induced physical phenomenon existing in the
conventional photon blockade regime. Some discussions
on the experimental implementation of this model have
been presented.
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Appendix: Equations of motion for the density matrix elements
In this Appendix, we present the steady-state solution of these density matrix elements at zero temperature. In
the weak-driving case, we truncate the Hilbert space of the system up to two excitations m + n = 2 and assume
that the total system is initially in the vacuum state |0, 0〉a,b. For below convenience, we introduce the notations:
|0, 0〉a,b → |S1〉, |0, 1〉a,b → |S2〉, |0, 2〉a,b → |S3〉, |1, 0〉a,b → |S4〉, |1, 1〉a,b → |S5〉, and |2, 0〉a,b → |S6〉. Then the
density matrix elements can be expressed as ρmn = 〈Sm|ρ|Sn〉. In the weak-driving case, these density matrix elements
can be divided into different groups of the orders of the small quantity Ω/κa as ρ00 ≫ ρ10, ρ01 ≫ ρ20, ρ11, ρ02 [53].
The steady-state equations of these density matrix elements can accordingly be grouped based on the marked orders.
The zero-order equation can be obtained as ρ11 = 1. The first-order equations are
i(∆ +K)ρ12 + iJρ14 − κbρ12/2 = 0,
i∆ρ14 + iJρ12 + iΩρ11 − κaρ14/2 = 0, (A.1)
then the solution can be obtained as
ρ12 = ρ
∗
21 = −
4JΩ
4J2 − (2K + iκb + 2∆)(2∆+ iκa) ,
ρ14 = ρ
∗
41 = −
2(2K + iκb + 2∆)Ω
−4J2 + (2K + iκb + 2∆)(2∆+ iκa) . (A.2)
The second-order equations are
i(2∆ + 4K)ρ13 + i
√
2Jρ15 − κbρ13 = 0,
i(2∆ +K)ρ15 + i
√
2J(ρ16 + ρ13) + iΩρ12 − (κa/2 + κb/2)ρ15 = 0,
i2∆ρ16 + i
√
2Jρ15 + i
√
2Ωρ14 − κaρ16 = 0,
iJ(ρ24 − ρ42)− κbρ22 = 0,
iJ(ρ42 − ρ24) + iΩ(ρ41 − ρ14)− κaρ44 = 0,
−iKρ24 + iJ(ρ22 − ρ44) + iΩρ21 − (κa/2 + κb/2)ρ24 = 0,
iKρ42 + iJ(ρ44 − ρ22)− iΩρ12 − (κa/2 + κb/2)ρ42 = 0, (A.3)
which leads to the solutions
ρ13 = ρ
∗
31 = 8
√
2J2[2K + i(κb − 4i∆+ κa)]Ω2P−1Q−1,
ρ15 = ρ
∗
51 = −8J(4K + iκb + 2∆)[2K + i(κb − 4i∆+ κa)]Ω2P−1Q−1,
ρ16 = ρ
∗
61 = 2
√
2[8J2K + (2K + iκb + 2∆)(4K + iκb + 2∆)][2K + i(κb − 4i∆+ κa)]Ω2P−1Q−1, (A.4)
and
ρ22 = 16J
2Ω2
(|P |2)−1 ,
ρ44 = 4[κ
2
b + 4(K +∆)
2]Ω2
(|P |2)−1 ,
ρ24 = ρ
∗
42 = 8J(2K + iκb + 2∆)Ω
2
(|P |2)−1 , (A.5)
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with the coefficients defined by
P = [4J2 − (2K + iκb + 2∆)(2∆+ iκa)],
Q = −(4K + iκb + 2∆)(2∆+ iκa)[2K + i(κb − 4i∆+ κa)] + 4J2[4K + i(κb − 4i∆+ κa)]. (A.6)
By solving the third-order equations
i(∆ + 3K)ρ23 + i
√
2Jρ25 − iJρ43 − 3κbρ23/2 = 0,
i∆ρ25 + iJ(
√
2ρ26 +
√
2ρ23 − ρ45) + iΩρ22 − (κa/2 + κb)ρ25 = 0,
i(∆−K)ρ26 + iJ(
√
2ρ25 − ρ46) + i
√
2Ωρ24 − (κb/2 + κa)ρ26 = 0,
i(∆ + 4K)ρ43 + iJ(
√
2ρ45 − ρ23)− iΩρ13 − (κa/2 + κb)ρ43 = 0,
i(∆ +K)ρ45 + iJ(
√
2ρ46 +
√
2ρ43 − ρ25) + iΩ(ρ42 − ρ15)− (κb/2 + κa)ρ45 = 0,
i∆ρ46 + iJ(
√
2ρ45 − ρ26) + iΩ(
√
2ρ44 − ρ16)− 3κaρ46/2 = 0, (A.7)
we obtain the solution as
ρ23 = ρ
∗
32 = −32
√
2J3[2K + i(κb − 4i∆+ κa)]Ω3
(|P |2Q)−1 ,
ρ25 = ρ
∗
52 = 32J
2(4K + iκb + 2∆)[2K + i(κb − 4i∆+ κa)]Ω3
(|P |2Q)−1 ,
ρ26 = ρ
∗
62 = −8
√
2J [8J2K + (2K + iκb + 2∆)(4K + iκb + 2∆)][2K + i(κb − 4i∆+ κa)]Ω3
(|P |2Q)−1 ,
ρ43 = ρ
∗
34 = 16
√
2J2(2K − iκb + 2∆)[2K + i(κb − 4i∆+ κa)]Ω3
(|P |2Q)−1 ,
ρ45 = ρ
∗
54 = −16J(2K − iκb + 2∆)(4K + iκb + 2∆)[2K + i(κb − 4i∆+ κa)]Ω3
(|P |2Q)−1 ,
ρ46 = ρ
∗
64 = 4
√
2(2K − iκb + 2∆)[8J2K + (2K + iκb + 2∆)(4K + iκb + 2∆)]
×[2K + i(κb − 4i∆+ κa)]Ω3
(|P |2Q)−1 . (A.8)
Finally, we obtain the fourth-order equations
i
√
2Jρ35 − i
√
2Jρ53 − 2κbρ33 = 0,
−i3Kρ35 + i
√
2J(ρ36 + ρ33 − ρ55) + iΩρ32 − (κa/2 + 3κb/2)ρ35 = 0,
i3Kρ53 − i
√
2J(ρ63 + ρ33 − ρ55)− iΩρ23 − (κa/2 + 3κb/2)ρ53,
−i4Kρ36 + i
√
2J(ρ35 − ρ56) + i
√
2Ωρ34 − (κb + κa)ρ36 = 0,
i4Kρ63 − i
√
2J(ρ53 − ρ65)− i
√
2Ωρ43 − (κb + κa)ρ63 = 0,
i
√
2J(ρ56 + ρ53 − ρ65 − ρ35) + iΩ(ρ52 − ρ25)− (κb + κa)ρ55 = 0,
−iKρ56 + i
√
2J(ρ55 − ρ66 − ρ36) + iΩ(
√
2ρ54 − ρ26)− (κb/2 + 3κa/2)ρ56 = 0,
iKρ65 − i
√
2J(ρ55 − ρ66 − ρ63)− iΩ(
√
2ρ45 − ρ62)− (κb/2 + 3κa/2)ρ65 = 0,
i
√
2J(ρ65 − ρ56) + i
√
2Ω(ρ64 − ρ46)− 2κaρ66 = 0, (A.9)
and their solutions
ρ33 = 128J
4[4(K + 2∆)2 + (κb + κa)
2]Ω4(|P |2|Q|2)−1,
ρ35 = ρ
∗
53 = −64
√
2J3(4K + iκb + 2∆)[4(K + 2∆)
2 + (κb + κa)
2]Ω4(|P |2|Q|2)−1,
ρ36 = ρ
∗
63 = 32J
2[2K − i(κb + 4i∆+ κa)][8J2K + (2K + iκb + 2∆)(4K + iκb + 2∆)]
×[2K + i(κb − 4i∆+ κa)]Ω4(|P |2|Q|2)−1,
ρ55 = 64J
2[κ2b + 4(2K +∆)
2][4(K + 2∆)2 + (κb + κa)
2]Ω4(|P |2|Q|2)−1,
ρ56 = ρ
∗
65 = −16
√
2J(4K − iκb + 2∆)[2K − i(κb + 4i∆+ κa)][8J2K
+(2K + iκb + 2∆)(4K + iκb + 2∆)(2K + iκb + 4∆+ iκa)]Ω
4
(|P |2|Q|2)−1 ,
ρ66 = 8{[64J4K2 + 128J2K(K +∆)(−κ2b + 2K2 + 5K∆+ 2∆2)− 32J2Kκb(3K + 2∆)κa]
+[κ2b + 4(K +∆)
2][κ2b + 4(2K +∆)
2][4(K + 2∆)2 + (κb + κa)
2]}Ω4(|P |2|Q|2)−1. (A.10)
Based on these solutions of the state occupations, we can calculate the approximate analytical result of the equal-time
second-order correlation function of the cavity field.
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